Porous media can be characterized by studying the kinetics of liquid rise within the pore spaces. Although porous media generally have a complex structure, they can be modeled as a single, vertical capillary or as an assembly of such capillaries. The main difficulties lie in separately estimating the effective mean radius of the capillaries and the contact angle between the liquid and the pore. In this paper we circumvent these obstacles by exploring another approach and suggest an analytical approach of the classical Lucas-Washburn equation (LWE). Specifically, we consider that the contact angle between the liquid meniscus and the inner surface of the capillary becomes a dynamic contact angle when the liquid front is in movement. It has previously been demonstrated that the resulting time dependence is due to frictional dissipation at the moving wetting front. C 2002 Elsevier Science (USA)
INTRODUCTION
In the characterization of porous media by capillary rise, the dynamic properties of the liquid front and any meniscus deformation or dynamic contact angle effects will have important consequences. Capillary rise has a significant impact on the properties and use of a wide variety of products, ranging from fibrous materials such as textiles and papers to granular materials and soils. The nature and structure of these porous media are extremely varied, which adds to the complexity of the phenomenon. It is therefore a challenge to model such systems adequately.
The capillary penetration of a liquid into the pore spaces, initially filled with a fluid, is usually viewed as a spontaneous process driven by interfacial pressure differences. The simplest relevant model that has been studied is the cylindrical capillary in contact with an infinite liquid reservoir. For example, Marmur et al. use the vertical capillary model to characterize porous media as an assembly of such capillaries (1) . Others have focused on the study of the initial stages of penetration and the effect of inertia (2, 3) , surfactants effects (4) , and the influence of gra- 1 To whom correspondence should be addressed at present address: CRMC2-CNRS Campus de Luminy case 913, 13288 Marseille Cedex 09, France. E-mail: ahmed.hamraoui@crmc2.univ-mrs.fr.
vity (5) . In this paper, we review the mechanisms controlling the dynamics of capillary rise in terms of the dissipation channels open to the system. We pose the questions: "Is penetration indeed controlled by viscous dissipation or by frictional dissipation associated with the advancing liquid front?" and "How can we estimate the contribution of each channel?" First, we briefly review the relevant theoretical approaches.
THEORETICAL FRAMEWORK
Let us consider a liquid meniscus within a pore. The unbalanced pressure difference within the bulk phases, which results from the interfacial pressure difference, is the driving force for the capillary penetration. In the presence of gravity, capillary rise stops when the hydrostatic pressure balances the interfacial pressure difference. Under static conditions, therefore, the equilibrium height h e of the liquid within a capillary is obtained by balancing the Laplace pressure p = 2γ R = 2γ cos(θ 0 ) r and the hydrostatic pressure p = ρgh e = (ρ − ρ ν )gh e ≈ ρgh e , to obtain h e = 2γ cos(θ 0 ) rρg .
Here, γ is the surface tension of the liquid, R and r are the radii of the meniscus and the capillary, respectively, ρ and ρ ν are the densities of the liquid and the vapor, and θ 0 is the equilibrium contact angle. During capillary rise, the forces due to surface tension, 2πr γ cos(θ ), gravity, mg = πr 2 ρgh(t), inertia
and the viscosity of the liquid,
are the main sensible quantities which act on a liquid column of viscosity η, and mass m and height h(t) at time t. Since the net force is zero, we obtain the Lucas-Washburn equation (LWE):
From this, the liquid penetration into the capillary can be modeled as (1)
where A = (ρgr 2 )/(8η), and capillary effects are expressed in terms of the equilibrium height h e . However, this form diverges when the liquid approaches the equilibrium height.
RESULTS AND DISCUSSION
If we assume that the liquid rises in the tube with a constant contact angle θ = θ 0 (with our procedure of cleaning of the glass capillaries, detailed in Ref. (8), we can reach a zero contact angle; verifications were done from the measured equilibrium height), as can be the case for the water on glass system, where θ 0 = 0, Eq. [1] can be rewritten as
with τ = ρr 2 /8η. For the rise of water in glass capillaries of different radius, we reproduce in Fig. 1 , numerical results for the height versus time. Clearly, there is an oscillatory regime in the height around its equilibrium position, as has been largely discussed in (2, 3, 7) . The influence of inertia is significant whenever r is above a critical radius, r c , which should satisfy the relation (2)
The oscillations disappear when r < r c . For the water on glass system the critical value is r c ≈ 0.474 mm. It has been shown (2, 3, 8, 9 ) that for a nonviscous liquid moving inside a porous media, we can often neglect the inertial term (the LHS term in Eq. [1] ) as well as the contribution due to viscosity. We then obtain 2πr γ cos(θ ) = πr 2 ρgh(t). [3] In order to take into account other possible sources of energy dissipation as the liquid rises in the pores, one may introduce a retardation coefficient β 1 . Including this retardation, Eq. [3] can be rewritten as
Based on the above arguments, Eq. [4] is justified on the grounds that the dominant forces are due to the gravity and the surface tension. To confirm this, in Fig. 2 , each of the principal forces described in Eq. [1] are plotted separately as a function of the relative time t * = t/t e for r = 0.4 mm and r = 0.8 mm. It is clear that except at short times, the dominant forces are indeed due primarily to surface tension and the gravity. The analytical solution of Eq. 4 is given by
If the contribution of viscosity cannot be neglected, it is known (6) that, in the early stages of capillary rise, h(t) is proportional to √ t. According to the above arguments, but now including viscosity, we find instead that
[6] generates an unphysical behavior as t → 0, i.e., an infinite value for the gradient at the origin.
From the form of the analytical expression (Eqs. [5] and [6] ), it seems clear that liquid-liquid and liquid-solid interactions govern capillary rise through the coefficient β 1 . It is our contention that a major source of this retardation is the influence of the dynamic contact angle, and that this leads to the consequent discrepancy between the ideal case, with θ = 0, and the real dynamic case, in which θ ≡ f (t). Now let us discuss the physical meaning of the parameter β 1 . According to our interpretation, this coefficient takes account of all retarding influences, but most specifically the frictional effects associated with the moving liquid front that are responsible for the dynamic contact angle.
According to the molecular-kinetic theory (10), the dynamics of wetting are controlled by the overall statistics of individual Here, λ is the distance between adsorption sites on the solid surface, κ S 0 is the surface rate constant for molecular displacements, ν is the molecular volume of the liquid, k B and 2π h are the Boltzmann and Planck constants, respectively, and T is the temperature. If we are correct in identifying the friction at the advancing liquid front as the major source of dissipation during capillary rise, then we can set β 1 = β 0 . Since the intrinsic friction coefficient, β 0 , is a characteristic only of the liquid/solid interactions, β 0 should be constant for a given system, e.g., water on glass.
As discussed above and in a previous work (8), we introduced the retardation coefficient in order to illustrate the dynamic character of the contact angle (9) . This has enabled us to understand the difference between the experimental results and those resulting from the model based on the ideal behavior described in (6, 8, 9 ). We have further adopted the explanation that the retardation and the discrepancy are due to the existence of intrinsic friction between the liquid and the solid at the three-phase line (10) . For the present study, in which we wish to compare the importance of the various possible channels of energy dissipation, we need to validate these concepts for the case of capillary rise and demonstrate its independence of the geometry of the solid (at least at the macroscopic scale).
The best way to do that is to run two different experiments using the same liquid and the same solid, but two different geometries, e.g., a glass capillary and flat glass plate. The first experiment is the classical one, in which we follow the relaxation of a liquid lens on the flat solid surface, and thus record the variation of the contact angle with time θ(t). Then, using the molecular-kinetic theory, we fit θ ≡ f (t), with β 0 as an adjustable parameter. Details of both procedures, experimental and fitting, are described in Ref. (11) .
The second experiment consists of recording the height h versus time for the same liquid rising within the glass tube. The final step is to use the value of β 0 , determined previously, to calculate (not fit) the height h ≡ f (t) using the modified LWE (8) and compare the calculated curve to the experimental data.
For our experiments, we used two silicon oils (PDMS) with viscosities of 5 and 10 mPa s, respectively (the characteristics of the two oils are given in the Appendix). Figure 4 compares the experimental results for the two oils (squares) with the calculated curve following the classical LWE (neglecting the effects of inertia, and assuming θ = θ 0 = 0) and with that calculated following the modified LWE (solid line). The excellent correlation between the calculated and measured data is strong proof that the intrinsic friction is an important factor, independent of geometry. We may use this concept to compare the different channels of dissipation.
For different values of the radius, we again solve Eq.
[1] for water, but this time we take into account the friction coefficient β 0 . The results are given in Fig. 5 . An immediate, key observation is that the oscillatory regime disappears even though r > r c . Evidently, in these examples, the friction at the wetting line consumes the accumulated energy remaining from the inertial stages (11) .
These numerical solutions can also be described using the analytical expression with β 1 as a fitting parameter. Following this through, the variation of β 1 as a function of the capillary radius is plotted in Fig. 6 . The intersection between the horizontal line and the β 1 axis represents the value of β 0 . The value of β 1 decreases with the radius until it reaches β 0 . The detailed behavior of β 1 indicates that the correlation between the numerical and the analytical solutions is better for large radius (r > r c ). This suggests that friction is the dominant channel of energy dissipation under these conditions. This observation is supported by the results (data not shown) from calculating the average cumulative error δ, between the analytical and numerical solution
where N is the number of numerical data and h n i , h a i are the calculated heights from numerical and analytical solutions at time t i , respectively.
Comparisons between the results in Figs. 5 and 1 suggest that for capillary rise requiring longer times, t e , to reach equilibrium and where r < r c , the effect of the viscosity appears to be relatively more important. In fact in these cases, under certain conditions, the viscous dissipation of energy can be the main factor controlling liquid propagation. For completeness, we compared the analytical and numerical solutions for the rise of water, as an example of a low viscosity liquid with a large surface tension, and ethanol as a lower surface tension liquid, in a glass capillary. Figure 7 illustrates the good agreement obtained between the numerical solution and the analytical one for different radii r = 0.3, 0.4, and 0.9 mm.
With reasonable confidence, we can conclude that two channels of energy dissipation exist during capillary rise in the studied systems: viscous dissipation seems to dominate liquid propagation when the radius is small (r < r c ), while the frictional dissipation dominates when the radius is large (r > r c ). Presumably both are important within the intermediate regime. Further experiments and calculations will be carried out to confirm this preliminary conclusion.
CONCLUSIONS
We have presented a model for the invasion of a porous media by a liquid. To an encouraging degree, our analytical approach is in good agreement with both experimental data and numerical solutions. We have neglected the contributions of impulsive forces (inertia), considering only the other principal forces, and assumed that other contributions can be accounted for by a parameter we call the retardation coefficient β 1 . The analytical approach also allows us to circumvent the difficulty of making assumptions about the effective radius of a porous media. By making use of the molecular-kinetic theory, a link has been forged between β 1 and the intrinsic coefficient of friction at the wetting line β 0 . Analysis of the variation of the parameter β 1 allows us to highlight a capillary radius-dependent transition between the principal channels of dissipation: wetting-line friction and viscosity. 
APPENDIX 2
The cleaning procedures are the same for both the flat plate and the glass capillary. Details of the experimental setup are given in (8) and (11) . The characteristics of the liquids used are given in Table A1 . The radius of the capillary was 0.315 mm.
